We have studied hydrogen impurities and related structural properties in state-of-the-art wurtzite InN films with polar, nonpolar, and semipolar surface orientations. The effects of thermal annealing and chemical treatment on the incorporation and stability of H are also discussed. The near-surface and bulk hydrogen concentrations in the as-grown films increase when changing the surface orientation from (0001) to (000 1) to (1 101) and to (11 20), which may be associated with a decrease in the grain size and change of the growth mode from 2D to 3D. Thermal annealing at 350 o C in N 2 leads to a reduction of H concentrations and the intrinsic levels of bulk H are found to correlate with the structural quality and defects in the annealed films.
I. INTRODUCTION
InN is a material of substantial contemporary interest for high speed electronics and when alloyed with GaN or AlN for solar cell and optoelectronic devices. The growth of InN epitaxial layers with good structural quality and free electron concentrations in the range 10 17 À10 18 cm À3 has led to significant progress in our understanding of the material properties and the physical mechanisms behind them.
1 However, control of the unintentional n-type conductivity in InN has not been achieved yet. Hydrogen is one of the major sources of doping in InN. [2] [3] [4] [5] [6] [7] [8] [9] [10] Recently, it has been shown that hydrogen is ubiquitous and can be found in significant concentrations in c-plane InN films grown by molecular beam epitaxy (MBE). 2, [5] [6] [7] 9 However, nothing is known about the unintentional incorporation of hydrogen in InN films with surface orientations different from the conventional c-plane. This issue is particularly important in view of the generally higher free electron concentrations observed in nonpolar InN films compared to polar material. Furthermore, there is a strong research interest in growing InN and related alloys with nonpolar and semipolar orientations to avoid or minimize the effects of the polarization fields in device heterostructures and enable efficient green and white light emitting diodes. 11 In this work, we report a study on the unintentional incorporation of hydrogen in MBE InN with (0001), (000 1), (1 101), and (11 20) surface orientations. The effects of thermal annealing and chemical treatment on the bulk and nearsurface H concentrations are also investigated. The results are discussed in view of the structural and morphological properties of the films.
II. EXPERIMENTAL
Several sets of state-of-the-art InN films grown by MBE at National Sun Yat-Sen University and National Taiwan University (set I), 12, 13 Ritsumeikan University (sets II and III), [14] [15] [16] and Cornell University (set IV) 17, 18 were studied. Each set of samples included an a-plane and either an In-or a N-polar InN films. Set I also included a semipolar InN film and set II included an m-plane InN sample. The N-polar films were grown directly on sapphire, low-temperature (LT) InN buffer layers, or in situ GaN buffer layer. The In-polar films were grown with GaN buffer layers. Details on the nucleation scheme and respective references are listed in Ta o . The set-up was used with two different types of stopping foils: a 10-lm Kapton and 8-lm aluminum foil. Full experimental details are given elsewhere. To obtain the H concentrations in the films, the ERDA data were fitted with the NDF code using background correction models for double scattering and pile-up. 22 A value of 6.81 g cm À3 was used for the bulk density of InN to determine the H depth profiles. All samples were measured in several sample spots to improve the accuracy of the results and the H concentrations extracted from the fits were averaged. The structural quality of the films was assessed by Rutherford backscattering/channeling (RBS/C) spectrometry.
X-ray diffraction rocking curve (RC) measurements were performed using monochromated Cu Ka 1 radiation on a D8Discover system from Bruker-AXS. A Göbel mirror and an asymmetric two-bounce Ge(220) monochromator were used on the primary side and a scintillation detector was employed on the secondary side. The RCs were acquired with an open detector without slits or analyzer in the secondary beam.
Scanning electron microscopy (SEM) was performed with electron beam accelerating energy of 10 kV in a Leo 1500 Gemini SEM (Oxford Research Instruments). A Veeco DI CP-II atomic force microscope was used for the topographic characterization. The rms roughness of the samples was measured on 5 Â 5 lm 2 areas.
III. RESULTS AND DISCUSSION
Figure 1(a) shows representative experimental ERDA spectra and the fits to the data for set I of InN films with different surface orientations. The respective H depth profiles obtained from the experimental data are shown in Fig. 1(b) . A significant enhancement of the H concentration is observed at high energies, i.e., in the near-surface regions of all films [Figs. 1(a) and 1(b)].
The resulting averaged near-surface H areal densities (H atoms/cm 2 ) and bulk H concentrations (at. %) for the same set of samples are shown with filled symbols in Figs. 2(a) and 2(b), respectively. Both near-surface and bulk H concentrations in the as-grown films show a similar trend of increasing when changing the surface orientation from In-polar to N-polar to semipolar (1 101) to nonpolar a-plane. The bulkand near-surface H concentrations, and the respective standard errors of the mean for all samples are given in Table II . The errors are indicative for the lateral homogeneity of the H concentrations. Higher bulk-and near-surface H concentrations in the a-plane films is observed for all sets (Table II) .
Also independently of the sample set, the N-polar films exhibit generally higher H concentrations compared to the In-polar case.
In general, crystallographic orientation has a strong impact on impurity and dopant incorporation in IIInitrides. 23 For instance, it is well known that N-polar GaN tends to incorporate higher impurity concentrations compared to Ga-polar material. H on the substitutional N site, which is one of the donor sites in InN, 3 bonds to one In atom at the (0001) surface and to three In atoms at the (000 1) surface. Therefore, better sticking and thus higher concentrations of H may be expected for the N-polar-oriented InN. We measured higher bulk H concentrations in the N-polar films in comparison to the In-polar samples [see Table II and Fig. 2(b) ]. However, it is difficult to draw a firm conclusion because other factors like N to In ratio also influence the incorporation of impurities. Previously, it was shown that under N-rich conditions, the impurities incorporate at much higher levels as compared to the In-droplet case and O becomes the dominant impurity species for In-polar InN. 7 Regarding the a-plane surfaces, H N bonds to three In atoms, similarly to the N-polar case, and one may expect similar incorporation of H in terms of sticking. However, much higher H concentrations are measured in the as-grown aplane samples compared to the (000 1) oriented InN films (Table II) .
The surface orientation has a strong effect on structural characteristics and surface morphology, 9, 20 which can in turn affect the incorporation of H. Figure 3 shows SEM images of the four representative InN films with different orientations (set I). The In-polar InN film is completely coalesced indicating 2D growth [ Fig. 3(a) ], whereas the N-polar film exhibits grain structure with relatively large grain size with diameters of 0.5-1.0 lm [ Fig. 3(b) ]. In both cases, the cplane InN films were grown on GaN buffer layers. The semipolar [ Fig. 3(c) ] and nonpolar InN [ Fig. 3(d) ] grow in a 3D fashion, and the grain size is much smaller in the latter case. These results, supported by similar observations in all sets of samples, suggest that the smaller the grain size the higher the amount of H in the as-grown sample. For instance, the mplane InN showing quasi 2D growth has very little H (similar to the In-polar films) compared to the a-plane and semipolar films (Table II) with smaller grain sizes. Regarding the nearsurface H, it is only natural to find more H in films with a smaller grain size as the surface area available to accommodate H is larger in such instances. Our observation of higher bulk H concentrations in the films with smaller grain sizes indicates that H may be residing along grain boundaries rather than actually being incorporated into the bulk. In this respect, we mention that the bulk H concentrations in our films exceed the free electron concentrations by one to two orders of magnitude implying large amounts of electrically inactive H. The degree by which the bulk H exceeds the free electron concentrations is much higher for the nonpolar InN, which is consistent with the scenario of electrically inactive H residing on grain boundaries. Previously, H concentrations exceeding, although scaling with, the free electron concentrations in c-plane InN films have been also reported. 7, 9 Another factor that may affect the incorporation of H in the near surface region is the surface roughness. The values of the rms surface roughness of all InN samples are given in Table II . The rms surface roughness varies between 3.1 nm and 7.5 nm for the as-grown c-plane InN films. A comparison between the In-polar films shows a higher near-surface H concentration in the rougher as-grown film. Note that in these cases the surface morphologies of the films revealed 2D growth mode. It was shown previously that a higher (20) 11.5(6) 5.5(3) 2.80(28) 1.8(2) 0.83(9) 12.1(5) concentration of near-surface H in c-plane AlGaN/GaN heterostructures can be associated with a higher surface roughness. 24 In the latter, the amount of H was quantified by nuclear reaction analysis, which allows the measurement of high-resolution depth profiles. 24 In our semipolar and nonpolar InN films, exhibiting 3D growth mode, the rms surface roughness varies between 4.2 nm and 12.1 nm (see Table II ). No apparent correlation with the amount of near-surface H and surface roughness could be inferred for these films.
Interestingly, we found that treatment of InN films with common degreasing chemicals such as C 2 H 3 OH (methanol), C 2 H 5 OH (ethanol), (CH 3 ) 2 CHOH (isopropanol) and (CH 3 ) 2 CO (acetone), may lead to significant enhancement of the near-surface and bulk H. This is especially well pronounced for the a-plane InN films and also indicates that H diffuses along grain boundaries already at room temperature. For instance, the H concentrations in the a-plane InN film from set I increase upon chemical treatment up to 8.8 at. % for the bulk and to 4Â10 17 cm À2 in the near-surface region. In some occasions, simple exposure to ambient atmosphere has also led to a slight increase in the H concentrations in the aplane films. Theoretical calculations have shown that exposure of InN nonpolar surfaces to humidity results in spontaneous dissociation of water to H and OH. 25 The same work further reports that organic compounds including methanol also dissociate exothermically at the nonpolar InN surfaces; in all cases, H bonds to the N dangling bonds. We note that in the ERDA experiments we measure the total amount of H independently of its form: atomic, molecular, or in the form of complexes.
To investigate the intrinsic incorporation and stability of H in the films, we preformed thermal annealing at 350 o C in N 2 for 15 h and measured the H concentrations in the annealed films. The thermal annealing results in a decrease of the bulk-and near-surface H concentrations in all samples except the m-plane InN (Table II) . However, the structural characterization indicates deterioration of the crystal quality of this sample. In contrast, a slight improvement of the structural characteristics upon annealing is typically observed in the rest of the samples. In addition, the size of the m-plane InN sample is very small allowing only single measurement of the H concentration. We also note that the H introduced during the chemical treatment of our InN films can be completely removed upon thermal annealing. Despite the reduction of H concentrations upon annealing a substantial part of H remains still trapped inside the annealed InN films. First principle calculations have shown that interstitial H and substitutional H on the N site (the two donor sites of H in InN) become mobile at 100 o C and 300 o C, respectively. 3 The strong band bending at the surface of InN associated with the surface electron accumulation creates a potential barrier for the positively charged H donors. Consequently, significant concentrations of H remain in the bulk of the material even after annealing. The intrinsic bulk H concentrations in our annealed films are higher than the respective free electron concentrations. This indicates that still a large portion of the trapped H is electrically inactive, most probably in the form of complexes that are tightly bound to the lattice.
The results for the bulk and surface H concentrations in the annealed InN films with different surface orientations from the representative set I are shown with open symbols in Figs. 2(a) and 2(b) . The annealed polar and semipolar films show similar concentrations of H in the bulk and in the near-surface regions. This supports the suggestion that the observed differences in the H levels in the as-grown (0001), (000 1), and (1 101) InN films are most probably a result of different concentrations of H residing on grain boundaries. It further indicates that the crystallographic orientation is not the dominant factor determining the H concentrations in these cases. Indeed, we find that the intrinsic bulk H concentrations scale with the densities of edge type dislocations in the annealed N-polar films.
The amount of H in the a-plane InN films from sets I, II, and III still remains higher compared to the films with (0001), (000 1), and (1 101) surface orientations (Table II) . On the other hand, the annealed a-plane film from set IV has bulk H concentration that is very similar to the intrinsic levels in the polar films. In order to get further insight into the reason for the observed different behavior in the annealed aplane samples we studied in more detail the structural properties of the films. A good measure of the overall structural quality of epitaxial films is the minimum yield, v min measured by RBS/C, which is the ratio between the yield in the aligned spectrum taken along a certain crystallographic direction and the random yield. The minimum yield is not only sensitive to extended defects [as x-ray diffraction rocking curves (RC), for example] but also to the presence of native point defects, in particular In interstitials. A comparison between the different a-plane InN films shows that the bulk H concentration decreases with decreasing minimum yield along the main h11 20i axis (Fig. 4) . In fact, the a-plane InN with the lowest v min of 5.8% has a bulk H concentration as low as 0.3 at. %, which is comparable to the respective concentrations in polar InN films (Table II) . This indicates that the structural quality and defects play a more important role than the crystallographic orientation for the H incorporation into the InN lattice. We found that the higher the ð11 20Þ RC widths and anisotropy the higher the bulk H concentration in the a-plane films (Fig. 4) . The RC anisotropy was estimated as the ratio between the RC FWHM along the ½1 100 and [0001], respectively. 20 The broadening of the on-axis RCs is affected by the presence of screw component dislocations in the films. On the other hand, no correlation could be seen between the H concentrations and the ð1 100Þ RC widths, which are sensitive to the presence of basal stacking faults (BSFs). BSFs are inside the grains with no contact to the surface whereas dislocations propagate to the surface and often are distributed along grain boundaries. Our findings indicate that H does not diffuse in large amounts inside the grains or does not get trapped by BSFs.
IV. CONCLUSIONS
In summary, as-grown InN films show increasing incorporation of H in the bulk and near-surface regions when changing the surface orientation from In-polar to N-polar to ð1 101Þ to ð11 20Þ, which may be associated with a decrease in the grain size and change of growth mode from 2D to 3D. Thermal annealing at 350 o C in N 2 leads to a reduction in the bulk and near-surface H concentrations. As a result, polar and semipolar InN films show similar levels of H whereas the H concentrations in the a-plane InN still remain relatively higher in most of the cases. Our results suggest that a substantial part of the unintentionally incorporated H in asgrown InN reside on grain boundaries and it is most probably electrically inactive. A comparison between different films with a-plane surface orientations indicates that the intrinsic H concentrations correlate with the minimum yield and the on-axis RC widths and anisotropy. We conclude that defects, grain size, and growth mode play more important roles for the unintentional incorporation of H in InN than the crystallographic orientation. 
